The present study examined the protective role of the venous endothelium against aggregating platelets and its modulation by diet. Yorkshire pigs were fed a regular chow (control pigs), 2% high-cholesterol diet (for 10 weeks, cholesterol-fed pigs), and regular chow plus cod-liver oil (30 ml/day for 4 weeks, oil-fed pigs). Endothelium-dependent responses were examined in vitro in rings of femoral veins in the presence of the inhibitor of cyclooxygenase indomethacin. In control pigs, aggregating platelets, serotonin, and ADP caused endothelium-dependent relaxations. The platelet-induced relaxations were attenuated by methiothepin (a combined 5-HT1 and 5 -HT2 serotonergic blocker) or apyrase (an ADPase and ATPase) and were abolished by the combination of the two agents. In quiescent rings, platelets caused contractions, which were reduced in the presence of endothelium; the contractions were prevented by ketanserin (a 5 -HT2 serotonergic blocker) or methiothepin but not by R 68 070 (a thromboxane A2 receptor blocker) or dazoxiben (a thromboxane-synthetase blocker). In cholesterol-fed pigs, the platelet-induced relaxations were not altered, whereas in oil-fed pigs, the endothelium-dependent relaxations to platelets, serotonin, and ADP were augmented. Platelet-induced contractions were significantly reduced in rings with endothelium from oil-fed pigs, whereas the contractions were comparable in rings without endothelium among the three groups. Endothelium-dependent relaxations in response to the calcium ionophore A23187, direct relaxations in response to sodium nitroprusside, and direct contractions in response to potassium chloride were comparable among the three groups. These results indicate that 1) the endothelium exerts inhibitory effects against aggregating platelets in porcine femoral veins, 2) the relaxations are mediated by serotonin and ADP released from the aggregating platelets, 3) platelet-induced contractions are mediated by serotonin with little contribution of thromboxanes, and 4) hypercholesterolemia does not affect, but cod-liver oil facilitates, the endothelium-dependent relaxations to aggregating platelets because of augmented responses to released serotonin and ADP. (Circulation 1989;80:401-409) 
S tudies in isolated blood vessels have shown the important role of the endothelium in modulating the responsiveness of the underlying vascular smooth muscle.1-3 In particular, the endothelium of large arteries exerts a protective action against the constrictor effects of platelet products. taken not to touch the luminal surface. In some rings, the tips of a watchmaker's forceps were inserted into the lumen, and the endothelium was removed by gently rolling the tissue back and forth on paper towels wetted with control solution.17"18 The rings were mounted horizontally in organ chambers filled with 25 ml control solution (370 C, pH 7.4) and gassed with 95%02-5% C02. The preparations were attached to a strain gauge (Statham UC2, Oxnard, California), and isometric force was recorded. The rings were progressively stretched until the contractile response evoked by norepinephrine (3 x 10-7 M) was maximal (optimal tension) ( (10`9 to 3 x 106 M) and 2) platelets (25,000-75,000/,l). Set C: 1) vasopressin (10`to 3 x 10`M) and 2) histamine (10-9 to 10-5 M). Set D: 1) sodium nitroprusside (10`9 to 10-5 M), 2) A23187 (10`to 10-6 M), and 3) KCl (5-70 mM). Set E: contractions to 1) serotonin (10`9 to 3x10`6 M) and 2) platelets (75,0001,u). Pairs of rings with and without endothelium were compared. All rings were incubated with indomethacin (10-5 M) for 40 minutes to prevent the synthesis of endogenous prostanoids.
To inhibit the direct effects of platelets or serotonin on vascular smooth muscle and to examine their effects on the endothelium, the rings were incubated with ketanserin for 40 minutes before determining relaxations to aggregating platelets and serotonin. 8 Preliminary experiments showed that the 5-HT2 serotonergic antagonist unmasks endothelium-dependent responses to platelets and serotonin in the femoral vein (n =4, data not shown).
Drugs
The following drugs were used: acetylcholine chloride (ACh), ADP, apyrase (an ADPase and ATPase, grade V from potato), arginine vasopressin, bradykinin, the calcium ionophore A23187, indomethacin, prostaglandin F2a, pyrilamine maleate, 5-hydroxytryptamine creatinine sulfate (serotonin), sodium nitroprusside (all from Sigma Chemical, St. Louis, Missouri); dazoxiben HCI (Pfizer, Groton, Connecticut); ketanserin tartrate, R 68 070 (Janssen Pharmaceutica, Beerse, Belgium); and methiothepin maleate (Hoffmann-La Roche, Nutley, New Jersey). Unless otherwise specified, drugs were prepared daily in distilled water, kept on ice, and added to the organ chambers in volumes less than 250 gl. The calcium ionophore A23187 was dissolved in dimethyl sulfoxide (final bath concentration, 8.2 x 10`' M) and diluted with distilled water; the tissues did not respond to the solvent alone. Indomethacin was dissolved in an equal molar concentration of Na2C03 (10-5 M 
Results
Body weight increased significantly in the three groups. The plasma concentration of total cholesterol significantly increased only in the cholesterolfed group. The plasma concentration of triglyceride was unchanged in the control and the cholesterolfed group, whereas in the oil-fed group, a significant decrease was noted (Table 1 ). In the oil-fed group, the plasma levels (expressed as percentage of total content) of eicosapentaenoic acid (EPA) increased (10-5 M) .
Characteristics of the Smooth Muscle
There was no statistically significant difference in optimal tension or contractions evoked by prostaglandin F2a (2x10`6 M) among the three groups.
KCI (5-70 mM) caused comparable, concentrationdependent contractions in rings without endothelium in the three groups. Sodium nitroprusside (10-9 to 10-5 M) caused comparable concentrationdependent relaxations in rings without endothelium in the three groups.
Endothelium-Dependent Relaxations
Control group. Aggregating platelets caused endothelium-dependent relaxations (Figures 1 and  2 ). These relaxations were significantly inhibited by methiothepin (10`M) or apyrase (1.0 unit/ml) and practically abolished by the combination of the two agents ( Figure 2 ). Serotonin caused endotheliumdependent relaxations that were blocked by methiothepin (Figure 3) . ADP caused endotheliumdependent relaxations that were attenuated by apyrase (Figure 4) . Acetylcholine, bradykinin, thrombin, and A23187 caused concentration-dependent, endotheliumdependent relaxations (Table 3) . Vasopressin (10`10 to 3xl10`M) and histamine (10`9 to 10`5 M), in the presence or absence of pyrilamine (an Hlhistaminergic blocker, 10 6 M), did not induce endothelium-dependent or independent relaxations (n=4, data not shown).
Cholesterol-fed group. Platelets, serotonin, ADP, acetylcholine, bradykinin, thrombin, and A23187 caused endothelium-dependent relaxations that did not differ significantly from those obtained in veins from the control group (Figures 2-4 and Table 3 ).
Oil-fedgroup. The endothelium-dependent relaxations to platelets, serotonin, and ADP were significantly augmented in veins taken from oil-fed pigs (Figures 2-4) . Treatment with cod-liver oil augmented the maximal relaxations evoked by acetylcholine. Relaxations induced by bradykinin, thrombin, and A23 187 were comparable with control (Table 3) .
Contractions
Control group. Aggregating platelets caused contractions, which were significantly inhibited in rings with endothelium compared with those without (Figure 5 ). The platelet-induced contractions were significantly inhibited by ketanserin (10-6 M) or methiothepin (106 M) but not by R 68 070 (5 x 10-5 M, a thromboxane A2 receptor and synthetase blocker),20 dazoxiben, or pyrilamine (10-6 M) ( Figure 5 ). Serotonin also caused concentrationdependent contractions, which were significantly smaller in preparations with than in those without endothelium ( Figure 6 ). In rings without endothelium, the serotonin-induced contractions were almost abolished by ketanserin ( Figure 6 ).
Cholesterol-fed group. The contractions induced by platelets and serotonin were comparable to those observed in veins from control pigs (Figures 5 and 6 ). Oil-fed group. The contractions evoked by platelets and serotonin were significantly reduced in rings with endothelium from the oil-fed group, whereas comparable contractions were observed in rings without endothelium from control and oil-fed pigs (Figures 5 and 6 ).
Discussion
The present experiments were initiated because little information is available on endotheliumdependent responses to aggregating platelets in peripheral veins. They showed that in porcine femoral veins 1) aggregating platelets cause endotheliumdependent relaxations and endothelium-independent contractions, 2) the endothelium-dependent relaxations to aggregating platelets are mediated mainly by serotonin and ADP, 3) the platelet-induced contractions are mediated mainly by activation of 5-HT2 serotonergic receptors with little contribution of thromboxane A2, and 4) hypercholesterolemia does not affect the platelet-induced relaxations, but a diet rich in cod-liver oil facilitates these relaxations because it enhances the effect of the released serotonin and ADP. Endothelium-derived relaxing factor is not a product of cyclooxygenase, and its release is not affected by indomethacin.2 In addition, in the porcine coronary artery, prostacyclin has synergistic interaction with endothelium-derived relaxing factor and stimulates the release of the factor.21 Therefore, in the present studies, the endothelium-dependent responses were examined in the presence of indomethacin to focus on endothelium-derived relaxing factor(s).
The platelet-induced relaxations were attenuated by the serotonergic antagonist (methiothepin) or the ADPase and ATPase (apyrase). In addition, endothelium-dependent relaxations to serotonin and ADP were attenuated by methiothepin and apyrase, respectively. These results indicate that plateletinduced relaxations in porcine femoral veins are mediated by both serotonin and ADP. A similar conclusion has been reached for the porcine coronary artery,8 whereas in canine coronary and por- cine basilar arteries, the platelet-induced relaxations are mediated mainly by ADP.6l3 Human platelets contain vasopressin, which evokes endothelium-dependent relaxations of canine basilar arteries,5,22 and histamine released from platelets plays a role in platelet-induced contraction in rabbit coronary and porcine pulmonary arteries. 23, 24 However, vasopressin and histamine did not induce any relaxations in the porcine femoral vein, making a contribution of these substances to plateletinduced relaxations most unlikely.
The platelet-induced contractions were significantly inhibited by ketanserin or methiothepin but not by dazoxiben or pyrilamine. These results indicate that these contractions are mediated mainly by activation of 5 -HT2 serotonergic rather than thromboxane or histamine receptors. Similar conclusions have been reached in porcine coronary arteries.8 By contrast, platelet-induced contractions are mediated mainly by histamine in the pig pulmonary arteries24 and by 5-HT, serotonergic receptors in the canine coronary and pig basilar arteries.6,13
Impaired endothelium-dependent relaxations in atherosclerotic arteries have been reported in animals9-11 and in humans.25 Endotheliumdependent relaxations to aggregating platelets are impaired also by hypercholesterolemia in the coronary and basilar arteries of the pig.12"13 However, in femoral veins, the endothelium-dependent responses to aggregating platelets were not altered by the long-term intake of excess cholesterol. These results are in agreement with the observations that in jugular veins from hypercholesterolemic monkeys endothelium-dependent relaxations to acetylcholine or thrombin are not altered.10 The reasons underlying the different effect of hypercholesterolemia in arteries and veins are unknown. Endotheliumdependent relaxations are less pronounced in venous tissues than in arterial tissue.18,26,27 These differences are due more to differences in the ability of the endothelium to release endothelium-derived relaxing factor than to the ability of the venous smooth muscle to respond to the factor. 28 of endothelium-dependent relaxations in the veins could be that hypercholesterolemia does not alter the turnover rate of the venous endothelium to the same extent as that of the arterial endothelium. 34 Dietary supplementation with fish oils may be beneficial in the prevention of coronary artery disease.35-37 The present measurements of plasma levels of fatty acids confirm those measurements obtained in a previous study reporting that after treatment with cod-liver oil EPA markedly increases and arachidonic acid decreases.19,38 The increase in EPA, which is a major component among the fatty acids contained in fish oil,39 probably plays a major role in the augmentation of endothelium-dependent relaxations. 40 As in the coronary arteries of pigs,14 in the femoral veins of the same species, the dietary supplementation with cod-liver oil facilitated endothelium-dependent relaxations to platelets, serotonin, and ADP. These augmented relaxations cannot be attributed to vasodilator prostaglandins because all experiments were performed in the presence of indomethacin. The sensitivity of smooth muscle cells to endothelium-derived relaxing factor may be augmented by the treatment. However, this possibility is not likely because in rings without endothelium the relaxations to sodium nitroprusside (which induces relaxations through activation of guanylate cyclase as does endothelium-derived relaxing factor41'42) and the contractions to prostaglandin F2a, serotonin, and KCl were unaltered. The diffusion of endothelium-derived relaxing factor from the endothelium to the underlying smooth muscle may be facilitated or the half-life of endothelium-derived relaxing factor43 may be prolonged by cod-liver oil. This possibility appears also unlikely because the endothelium-dependent relaxations to the calcium ionophore A23187 were unaltered. Finally, the oil supplementation may facilitate the production or release of the endotheliumderived relaxing factor.14 This interpretation seems the most likely. Fatty acids can change the fluidity of the endothelial cell membrane leading to larger release of endothelium-derived relaxing factor. 44 The release of endothelium-derived relaxing factor is augmented in coronary arteries from oil-fed pigs. 40 The reduction of contractions induced by platelet or serotonin in rings with endothelium in the oil-fed group can be explained also in part by a facilitated release or augmented production of endotheliumderived relaxing factor.7'8'45 However, the mechanisms for selectively augmenting serotonin-, ADP-, and acetylcholine-mediated relaxations while preserving the bradykinin-, thrombin-, and A23187-induced relaxations are unclear.
The present experiments show that the endothelium of veins and of arteries can curtail the vasoconstriction induced by aggregating platelets. Although 
